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ABSTRACT 
’ ‘h 
- f  
The e f f ec t  of aluminum concentration on t h e  stress corrosion suscepti- 
b i l i t y  of a-titanium i n  aqueous salt  environments a t  ambient temperature was 
studied. 
7.0 weight percent were prepared. Preliminary results indicate  t h a t  suscep- 
t i b i l i t y  t o  s t r e s s  co r ros im cracking begins with a concentration of 5.5 weight 
percent aluminum. The suscep t ib i l i t y  increases very rapidly above 5 & 5  w/o 
aluminum. 
Five experimental a l loys with aluminum concentrations from 5.0 t o  
An analysis w a s  made of the  e f f ec t  of a s t r e s s  f i e l d  a t  45OoF and 6 0 0 ~ ~  
prec ip i ta t ion  of hydrides i n  pure titanium containing 0.76% hydrogen. Two 
p o s s i b i l i t i e s  which would explain t h e  presence of l a rge  prec ip i ta tes  i n  pure 
titanium with the  hydrogen content considerably below t h e  so lub i l i t y  l i m i t  were 
considered. 
1. 
2. The e f f ec t  of defect s t ruc ture  introduced by creep processes. 
The e f fec t  of  pressure on or/a+y phase boundary i n  Ti-H; and, 
The estimated s h i f t  i n  t h e  so lub i l i t y  equilibrium curve was found t o  be 
negl igible  and c l ea r ly  ind ica te  t h a t  the  la rge  gamma hydride prec ip i ta tes  
observed i n  a-titanium did not occur during t h e  s t ress ing  cycle. 
log ica l  t o  assume t h a t  t h e  dislocations which a re  introduced in to  t h e  a-titanium 
during the  s t ress ing  cycle serve as nucleation s i t e s  f o r  gamma hydride precipi-  
tates during quenching cycle. It w a s  found t h a t  t he  habi t  plane of  gamma 
hydrides prec ip i ta tes  w a s  predominately {lOiO 1-  
It seems 
ii 
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1.0  INTRODUCTION AND STJMMARY 
c 
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Astropower Laboratory i s  engaged i n  a NASA-sponsored research program t o  
develop fundamental knowledge about the mechanism of s t r e s s  corrosion cracking 
(SCC) of t i tanium al loys i n  aqueous solut ions.  Study of the behavior of alpha 
and alpha-beta a l loys is emphasized because of t h e i r  known suscep t ib i l i t y  t o  
SCC. Alloys of both types a re  emphasized because of t h e i r  known suscep t ib i l i t y  
t o  SCC. 
Astropower Laboratory, under the  current NASA-sponsored program, has 
demonstrated t h a t  suscep t ib i l i t y  of alpha and alpha-beta a l loys t o  SCC i n  
aqueous sal t  solut ions a t  ambient temperature i s  determined t o  some extent by 
thermal treatment and by aluminum and beta-s tabi l iz ing alloying elements 
of these important factors  strongly influence microstructure and, thus, crack 
s e n s i t i v i t y  
Both 
Based on work accomplished so f a r ,  t he  poss ib i l i t y  of formulating a 
useful theory of SCC i n  t i tanium al loys i s  strongly indicated.  
Areas.of invest igat ion which w i l l  be studied during t h e  current contract  
year include : 
1. Invest igate  t h e  influence of heat  treatment on SCC suscep t ib i l i t y  
of alpha-beta t i tanium al loys i n  an e f f o r t  t o  achieve stable 
microstructures t h a t  are immune t o  SCC. 
Measure stacking f a u l t  energy of binary alpha t i tanium alloys 
as a function of aluminum content and relate t h i s  t o  SCC suscepti- 
b i l i t y  e 
diffusion and hydride prec ip i ta t ion  i n  alpha and i n  alpha-beta 
t i tanium al loys t o  define t h e  r o l e  of hydrogen embrittlement i n  
SCC e 
2. 
3. Invest igate  the  e f f ec t s  of s t r e s s  and temperature on hydrogen 
Results obtained during October November and December 1969 a r e  presented 
i n  t h i s  report .  
! 
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2 e 0 EXPERIMENTAL EVALUATIONS 
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2.1 Effect of Aluminum Concentration on S t r e s s  
Corrosion Suscept ib i l i ty  of  Alpha T i t a n i u m  
Aluminum plays an important ro l e  i n  SCC of titanium. Increasing 
the  aluminum content above 4.5 Al$ changes dis locat ion arrangement from dis-  
locat ion tangles  t o  coplanar arroys. Since coplanar s l i p  was  observed i n  
water-quenched specimens of ri-8.5 Al, it appears t h a t  aluminum m a y  lower t h e  
stacking fault energy causing a planar arrangement of dislocations.  
stacking f a u l t  energy influences cross-slipping, a low stacking f a u l t  energy 
i s  most favorable f o r  transgranular stress corrosion cracking. 
As t h e  
2.1.1 S t ress  Corrosion Cracking of Titanium- 
Aluminum Alloys 
Five experimental titanium-aluminum alloys were vacuum 
arc-casted at  TMCA with t h e  following nominal aluminum concentration: 
Ti-5 Al 
Ti-5.5 Al 
ri-6.0 ~l 
ri-6.5 ~l 
~ i - 7 . 0  ~ l .  
They were ro l l ed  i n t o  1/8 inch sheet m a t e r i a l  by t h e  fol- 
Ingots were forged t o  3 inch square fQrm i n  the  temperature lowing sequence: 
range 2100 to 2200'F and cut i n t o  1-1/2 inch thick sheet bars and ro l l ed  t o  
1/8" x 4" i n  the temperature range 1900 t o  2000'F. 
ro l l ed  titanium-aluminum sheet.  
s is  taken from ro l l ed  sheet.  
Figure 1 shows a typ ica l  
Table I shows the  average of chemical analy- 
Specimens f o r  stress corrosion s tudies  and mechanical 
properties determination were taken from the  longi tudinal  direct ion of ro l l ing .  
The specimens were vacuum annealed, loe6 t o r r ,  at 1500'F fo r  two hours and then 
water quenched. The mechanical propert ies  of t he  experimental a l loys are shown 
i n  Table 11. 
St ress  corrosion cracking experiments were performed 
employing partial-thickness crack (PTC) specimen. Suff ic ient  data ex i s t  t o  
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Figure 1. Photograph of a 1/8 Inch Rolled 
Titanium-Aluminum Alloy Sheet 
from Arc-Cast Ingot 
i 
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TABLE I 
-7 
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CHEMICAL ANALYSIS OF TITANIUM-ALUMINUM BINARY 
VACUUM ARC-MELTED INGOTS PERCENT WEIGHT 
Alloy A1 Fe 0 N 
e__ __. - m_ P 
1 5.21 040 e 09'7 e 006 
2 5.50 029 0095 ,005 
3 6.12 035 e 081 004 
4 6.46 e 033 e 096 .005 
5 6.73 e 025 . lo4 ,003 
4 
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TABLE I1 
1 
"4 
MECHANICAL PROPERTIES OF TITANIUM-ALUMINUM ALLOYS 
1 95.5 
2 97.8 
3 98.3 
4 103.2 
5 108.5 
Average of three specimens. 
Ultimate 
Tensile 
ks i x l o o  
Elastic 
Modulus 
109.5 19.1 
111 e 3 20.7 
113 e 4 19.7 
115 a 8 19.1 
122 e 3 21.3 
19 .o 
19.0 
20.0 
20.0 
20 .o 
5 
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show t h a t  t h e  determination of plain-s t ra in  f rac ture  toughness propert ies  i s  
not dependent on gross specimen configuration when PTC specimen i s  used, 
although the re  are some l imi ta t ions  imposed when the  resu l t ing  da ta  are  t o  be 
t r ea t ed  by the l i n e a r  e l a s t i c  f rac ture  mechanics. These l imi ta t ions  a re  t h a t  
t h e  crack depth should not exceed ha l f  t he  thickness of the  mater ia l  and tha t  
the area of the shallow crack should be l e s s  than 10% of the gross cross 
sec t iona l  area of t he  t e s t  specimen. 
The e f f e c t  of crack shape on t h e  c r i t i c a l  s t r e s s  i n t ens i ty  
i s  usually accounted f o r  K I C  
of the parameter @ as: 
i n  calculations using PTC t e s t  r e s u l t s  by means 
where 
CT = gross f rac ture  s t r e s s  
CT = 0.2% y i e l d  s t rength 
Y 
a = depth of surface crack. 
The shape parameter, alp., i s  a complete i n t e g r a l  as : 
where c i s  the  surface ha l f  length of the  crack. 
an i n f i n i t e  s e r i e s  but i s  equivalent t o  the  emperical re la t ionship  developed 
at McDonnell Douglas 
The i n t e g r a l  i s  solvable by 
1.650 + 
Q2 = 4.593(&) 
The c r i t i c a l  s t r e s s  i n t e n s i t y  
1 (3) 
describes the e f f ec t  of flaws on the  res idua l  
s t rength of a member a t  s t r e s s  leve ls  l e s s  than the y i e ld  strength.  A t  
s t r e s ses  above the  y i e l d  s t rength ,  t h e  e l a s t i c  analysis which forms the  bas i s  
of the  expression f o r  s t r e s s  i n t ens i ty  fa i ls  t o  account fo r  the l a rge  p l a s t i c  
s t r a i n s  a d  aquation (1) no longer uescribes t'ne observed behavior. 
6 
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The fac tor  1 . 2 1 i n  Equation (1) i s  intended t o  account f o r  
t he  e f f ec t s  on s t r e s s  i n t ens i ty  of the  interference i n  t h e  stress f i e l d  caused 
by the free surface of the member i n  which the surface crack ex i s t s .  The 
ac tua l  value of t h e  magnification f ac to r ,  should vary w i t h  crack shape and 
with proximity of t h e  deepest pa r t  of the crack t o  the back surface.  
cracks up t o  about 50% of the member thickness i n  depth, the ac tud ,  value of 
the fac tor  i s  close t o  1.1. 
For 
For cracks deeper than 50% of the  thickness of 
the member, however, the fac tor  increases beyond 1.1, l.21 
The recommendations of ASTM committee E-24 are t h a t  the  
thickness of a partial-through crack specimen shal l  be grea te r  than 
For titanium-aluminum a l loys ,  t h i s  would require thick- 
nesses grea te r  than one inch i n  order t o  obtain plane s t r a i n  conditions at 
room temperature, However, i f  t h e  a r t i f i c i a l  f l a w s  introduced meet the  fo l -  
lowing requirements 
crack growth w i l l  simulate na tura l  crack conditions and w i l l  a t t a i n  c r i t i c a l  
s i z e  under conditions of p la in  s t r a i n  f o r  p la tes  with thicknesses less than 
those specif ied by cormnittee E-24. The surface cracked specimen configuration 
used fo r  stress corrosion cracking experiments of titanium-aluminum alloys are  
based on these evaluations and i s  shown i n  Figure 2. Semiel l ipt ical ly  shaped 
surface flaws w i t h  approximate dimensions, 2c = 0.25 inch and a. = 0.050 inch 
were made by Discharge Machine and Low Stress Fatigue. 
The i n i t i a l  stress in t ens i ty  f ac to r ,  KIi9 was measured 
using the maximum load sustained i n  the  t es t  and the  i n i t i a l  crack dimensionse 
measured i n  3.0% salt solut ion Vdues of i n i t i a l  stress in t ens i ty  f ac to r ,  
( N a C 1 )  a t  ambient temperature with values obtained i n  air are shown i n  Table 
I11 for t h e  f ive  experimental. titanium-aluminum alloys.  
KIi 3
Titanium-aluminum alloys 4 and 5 containing 6.5 and 6.75 
Al were found t o  be very sens i t ive  t o  stress corrosion cracking at ambient 
temperature. Figure 3 shows the  reduction of t he  i n i t i a l  s t r e s s  i n t ens i ty  
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TABLE I11 
Alloy 
i 
! 
... i 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 .  
3 
3 
4 
4 
4 
5 
5 
5 
5 
5 
5 
EFFECT O F  ALUMINUM CONTENT ON 
STRESS CORROSION OF ALPHA TITANIUM 
E n v i r o n m e n t  
ks i 
k s i  & 
Time 
To 
Fracture 
A i r  
A i r  
3% N a C l  
3% N a C l  
3% N a C l  
A i r  
A i r  
3% N a C l  
3% N a C l  
3% N a C l  
A i r  
3% N a C l  
Air 
3% N a C l  
3% N a C l  
A i r  
3% N a C l  
3% N a C l  
3% N a C l  
3% N a C l  
3% N a C l  
40.5 
37.0 
36.6 
34.0 
32.2 
37.8 
35 e 1  
36.6 
35 01 
34.0 
40.0 
23.8 
41.8 
26.4 
23.3 
41.7 
30.4 
29 
26,5 
25 .o 
21.7 
- 
2 m i n e  
2 m i n .  
124 m i n .  
150 m i n e *  
- 
50 m i n .  
30 sec. 
30 sec. 
72 m i n .  
- 
150 m i n .  
- 
3.3 m i n .  
11 m i n e  
- 
30 sec. 
1.0 m i n .  
2.0 m i n e  
3.0 m i n .  
50 m i n . *  
* N o  fa i lure .  
9 
*' 
5 
i 
$ 2  
0 
IA 
0 
3 
0 0 
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0 
d 
0 
v3 
0 
3 
0 cv 
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fac tor ,  KIi9 f o r  a l loy 5 i n  3*0% N a C l  so lu t ion  as a function ,of time-to- 
failure. 
fo r  both al loys.  
A reduction from approximately 40 K s i G  t o  20 was  observed 
Titanium-alloys 2 and 3 containing 5.5 and 6,1 Al were . 
found t o  be less suscept ible  t o  stress corrosion cracking than al loys 4 and 5;  
however; more experiments are  needed t o  es tab l i sh  t h e  threshold stress inten- 
s i t y  fac tor ,  KISCC9 f o r  these  al loys.  
The titanium-aluminum a l loy ,  Ti-5*2 Al, appeared t o  be 
immune t o  s t r e s s  corrosion cracking. Values of t he  time-to-failure f o r  sus- 
t a ined  loads i n  air were approximately the  same as those obtained i n  3.0% salt  
s o lu t  i on * 
From these results, it appears t h a t  suscep t ib i l i t y  t o  SCC 
increases very rapidly above 5.5 Al i n  alpha titanium. 
2,1,2 
of Titanium-Aluminum Alloys 
Conclusive evidence has been shown t h a t  transgranular 
cracking i n  aqueous salt  solut ions i n  alpha and alpha-beta t i tanium alloys 
occws predominately on or very near basal planes. [31 
microscopy s tudies  have been i n i t i a t e d  on titanium-aluminum alloys t o  explain 
e f fec t  of aluminum on stress corrosion cracking i n  a-titanium. Two features  
w i l l  be examined i n  detai l .  
(2) Dislocation in te rac t ion  mechanisms 
Transmission electron 
They include: (1) Stacking f a u l t  energy; 
Frank and Nicholas[41 ha-ve discussed t h e  fault types and 
Dislocations i n  t h e  basa l  plane can dislocations expected i n  hcp s t ructure .  
reduce t h e i r  energy by dissociat ing i n t o  Shockley ' p a r t i d s  according t o  t h e  
reaction: 
Blackburn and Williams[51 have a l s o  detected s l i p  with a non-basal s l i p  vector 
of type: 
11 
a 
3 
0 - <ll23’ 
” 1  
4 
1 
* /  
A general  method 
study the  shape of dis locat ion nodes 
of measuring s tack fault energy i s  t o  
formed by the  a t t r ac t ive  in te rac t ion  of 
dislocations of d i f fe ren t  Bergers vectors e This in te rac t ion  leads t o  t h e  
formation of alternate extended and contracted nodes. 
t h e  curvature of t h e  p a r t i a l s  i s  balanced by t h e  surface tension of the 
stacking fault within the  node so  t h a t  t h e  radius of curvature of t h e  node, 
R ,  i s  a measure of the  stacking fault energy. 
In  the  extended nodes, 
A measure of t h e  stacking fault energy f o r  t h e  experimental 
titanium-aluminum al loys w a s  i n i t i a t e d .  
at 1500°F f o r  two hours and water quenched. 
avlealed at  1500°F fo r  two hours and water quenched. 
1.5% and preliminary transmission electron microscopy examinations have been 
made. Figure 4 shows an extended dislocation node i n  a l loy 1, Ti-5.2 Ale 
This examination w i l l  be continued during the  next quarter  report  period. 
Sheet specimens were vacuum annealed 
Sheet specimens were vacuum 
Specimens were s t ra ined  
2.2 Effect of S t ress  and Temperature on Hydrogen 
M i  crosegregation and Fhbrittlement 
A t  elevated tempratures, 500 t o  6 5 0 ~ ~ ~  where hot salt  cracking i s  
a problem, hydrogen diffusion does occur and plays a s igni f icant  r o l e  i n  hot 
s a l t  stress corrosion.[61 
cracking on Ti-8Al-No-1V could be removed by vacuum annealing. 
Gray[71 showed t h a t  embri t t l ing e f f ec t s  of hot salt 
It has been shown i n  t h i s  laboratory t h a t  hydrogen diffuses t o  and 
prec ip i ta tes  at high s t r e s s  regions at 600°F and 450°F‘81 i n  t i tanium con- 
ta in ing  500 ppm tritium, For beta-forged Ti-8Al-Dlo-lV containing 275 ppm 
tritium, an increasing concentration of  tritium w a s  observed with increasing 
stress a t  t h e  alpha-beta in te r faces  at 6 0 0 ~ ~ .  Since commercial t i tanium 
al loys contain 50-150 ppm H2 and since addi t ional  hydrogen can be eas i ly  
introduced by forming and processing operations,  these r e su l t s  strongly sug- 
gest  t ha t  hydrogen embrittlement could be a serious problem when loca l ized  
s t resses  a re  present i n  elevated temperature applications 
12 
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Figure 4. Extended Dislocation Node i n  Ti-5.2 Al Alloy i s  
Shown at A i n  Transmission Electron Micrograph. 
Magnification 120,OOOX 
Since t h e  d is t r ibu t ion  of tritium m u s t  be analyzed at room tem- 
perature,  the d i s t r ibu t ion  of prec ip i ta tes  and tritium i n  s o l i d  so lu t ion  i n  
an unstressed specimen containing 0.762 (475 ppm) tritium was  made following 
water quenching from 6 0 0 ~ ~ .  Figure 5 shows the d is t r ibu t ion  of hydride pre- 
c ip i t a t e s  and Figure 6 is a microautoradiograph showing d is t r ibu t ion  of 
tritium i n  s o l i d  solution. An exposure t i m e  of 15  minutes was used f o r  t he  
nuclear t rack  emulsior. The concentration of tritium i n  s o l i d  solut ion w a s  
estimated t o  be 0.65% (400 ppm) using an emulsion recording eff ic iency of 32%. 
One experiment was  conducted at 6 0 0 ~ ~  with a s t ressed  tapered rod 
of pure t i tanium charged with 0.76% hydrogen i n  which the  load was removed 
p r io r  t o  water quenching. 
at posi t ions of high and low stress. 
above 50% of Y.S,, similas t o  the results obtained with tapered rod quenched 
under a constant load. 
Figure 7 shows d i s t r ibu t ion  of hydride prec ip i ta tes  
Large hydride p rec ip i t a t e s  were observed 
I: 81 
In order t o  determine t h e  amount of tritium i n  s o l i d  so lu t ion  i n  
pure t i tanium specimens s t ressed  at 80% of Y.S. f o r  200 hours a t  600O~, elec- 
t ron  microautoradiographs were made with an emulsion exposure t i m e  of 90 
minutes 
high and low stress. 
t i o n  w a s  estimated as 0.13% and 0*3% a t  these posi t ions of high and low 
stresses, respect ively.  
Figure 8 shows electron microautoradiographs taken from posi t ions of 
The concentration of.hydrogen remaining i n  s o l i d  solu- 
Two p o s s i b i l i t i e s  which would explain the  presence of la rge  pre- 
c ip i t a t e s  i n  pure t i tanium stressed i n  t h e  temperature range 45OoF t o  6 0 0 ~ ~  
with the hydrogen content considerably below the  so lub i l i t y  l i m i t  were 
considered e 
1. 
2. The e f f ec t  of defect s t ruc ture  introduced by creep processes. 
The e f f ec t  of pressure on the  a l a  + y phase boundary i n  Ti-H 
As far as could be determined, there  i s  no data on the  shift  of 
the a l a  + y phase boundary i n  the  Ti-H system with pressure. However, there  
i s  extensive data on the  e f f ec t  of pressure on the  y/y + Fe C phase boundary 3 
i n  the  Fe-C system. Because of the  s imi l a r i t y  of the  alpha t i tanium (a) and 
gama i ron  (Fe) and the y ( T i H )  and Fe C phases, it i s  f e l t  experimental 3 
r r v 7 g  
Figure 5 .  Photomicrograph Showing Distr ibut ion 
of Hydride Prec ip i ta tes  i n  a Quenched 
Unstressed Pure Titanium Specimen 
Containing 0.76 T r i t i u m .  
Magnificat ion : l O O X  
1 
i a:. 
, .  
i 
CS980 
f Filaments 
f Prec ip i ta tes  
Figure 6. Electron Microautoradiograph Showing Distribution 
of T r i t i u m  i n  Sol id  Solution i n  a Quenching Un- 
s t ressed  Pure T i  Specimen. Black filaments are 
s i l v e r  filaments indicat ing the posi t ion of  
tritium atoms. Magnification: l 5 , O O O X  
, 
I 
.. i 
x 
P, 
$ .  
(a) 
(b) Stressed at 80% of Y.S. 
Stressed at 13.5% of Y .S. 
Figure 7 e Photomicrographs of Pure Titanium Containing 
0.76 Hydrogen af'ter Stressing at 6 0 0 ~ ~  for 
200 Hours. Magnification: l O O X  
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(a)  80% of Y.S. Magnification: 15,OOOX 
(b) 13.5% of Y.S .  Magnification: 6,000~ 
Figure 8. Electron Microautoradiograph of Pure T i  Containing 
0.76% of T r i t i u m  Stressed a t  6 0 0 ~ ~  and Water 
Quenched with Constant Load 
r e su l t s  found for  the  Fe-C system could be applied t o  the  Ti-H system t o  
determine the  approximate accuracy of thermodynamic calculations a Suff ic ient  
thermodynamic data w a s  found i n  the  l i terature f o r  the Ti-H system t o  calcu- 
l a t e  the s h i f t  of t h e  ala + y phase boundary with pressure. 
The a ( T i )  and y (Fe) phases are both close packed. a ( T i )  i s  HCP 
and y (Fe) i s  FCC. 
parameter of a (Ti)" '  indicat ing l i t t l e  in te rac t ion  between the  hydrogen and 
t i tanium atoms. I n  the  a l a t t i c e ,  these are two t e t r ahedra l  holes and one 
octahedral hole per  t i tanium atom with t h e  octahedral holes being the  la rges t .  
The work of Hepworth and Schulmann 
the  smaller te t rahedra l  holes .  
Hydrogen has very l i t t l e ,  i f  any, e f fec t  on the l a t t i c e  
indicates  t h a t  the hydrogen goes i n t o  
I n  the  case of carbon i n  gamma i ron ,  t h e  carbon atom most l i k e l y  
The phase diagrams are  eu tec t i c  f o r  t h e  goes i n t o  t h e  octahedral sites.'"] 
region of in te res t  i n  both Ti-H and Fe-C. 
Hi l l ia rdLL2]  has derived an expression describing the s h i f t  of the 
y/y + Fe C boundary i n  the  Fe-C system with pressure. It i s  given by: 3 .  
- c 7 3 ( 4 )  R T [ s ] T [ 1  :,l$fcgT,€' Y = - (1 - CC)vFe,y c CYY 
Where the  symbols and subs t i tu ted  avlues at 727OC are given below 
I 
C = atom f rac t ion  of c i n  y ; 0,0346 
Cc = atom f rac t ion  of C i n  Fe C ;  0.25 
Vc 
iiFe ,y 
Y 
3 3  ='  molar volume of Fe C; 23.92 cm 
= 
= 
3 3 p a r t i a l  molar volume of Fe i n  y (Fe);  7.17 cm 
3 p a r t i a l  molar volume of c i n  y ( ~ e ' )  ; 4.47 cm 
3 c YY 
v 
H = gas constant;  0.0831 cm Kb/mol. K 
where f i s  the  a c t i v i t y  coeff ic ient  of C i n  y(Fe) 
C , Y  
For these values 
i 
i 
I 
,. .~ .' 
'i ,
, ._" 
at 727OC. 
Y 
respect t o  pressure and t h e  comparison i s  shown i n  Figure 9 .  In t h e  region of 
0 t o  10 K b ,  Equation (4 )  predicts  reasonably w e l l  the var ia t ion of C with 
pressure e 
H i l l i a r d  obtained experimental values of t h e  change i n  C with 
Y 
Hilan[13] has shown t h a t  t h e  phases and microstructures produced 
i n  Fe-C al loys by isothermal transformation could be explained en t i r e ly  by the  
s h i f t  of t h e  diagram with pressure. 
microstructures were produced a t  high pressure t h a t  are not found at atmos- 
pheric pressure. The only difference i s  tha t  t h e  entectoid point is  shif ted.  
That i s ,  no phases were produced and no 
These experiments suggest t h a t  i n  t h e  Ti-H system, no phases o r  
microstructures should be formed under pressure t h a t  are not formed a t  atmos- 
pheric press.ure. 
calculated from thermodynamic propert ies  and should be reasonably close t o  the  
ac tua l  s h i r t .  
Further,  t he  s h i f t  of t h e  a(a + y )  phase boundary can be 
S.iiice Equation ( 4 )  i s  applicable for  equilibrium conditions, it 
cas be wr i t ten  i n  the  following form f o r  the  Ti-H system: 
The following values were subs t i tu ted  i n  Equation (5 )  a t  the  
experimental temperatures of 6 0 0 ~ ~  and 45OoF. 
c; = 
c; = 
atom f rac t ion  of hydrogen i n  ci at the  ala + y boundary 
0.06 at 600°F and 0.031 at h5O0F.[2,31 
atom f r ac t ion  of hydro en i n  y at t h e  (a + y)  boundary, 
parameter of 4.395 A contains 0.463 atom f rac t ion  of 
hydrogen, wher$as, HaagLl-51 reported a l a t t i c e  param- 
e t e r  of 4.397 A with 0.488 atom f r ac t ion  of hydrogen. 
An average value of 0.47 atom f rac t ion  w a s  used i n  
Gibb and KruschwitzL14 '5 reported t h a t  y with l a t t i c e  
20 
r -  I 
4 
I 
> 
V 
" I 
. I  
I 
i 
$, 
c. c 
i 
e?  
M 
0 
c-7 
-1.4 
-1.5 
-1.6 
-1.7 
-1.8 
0 10 20 30 40 50 Go 70 
0.8 
0.7 
0.6 
0.5 
0.4, 
Przssurz, k b  
C l Q 8 3  
$ 
n 
>. 
V 
Figure 9. P lo t  of Log CY vs. Pressure Where CY i s  t h e  Atomic 
Fraction of Carbon i n  Austenite i n  Equilibrium 
With Fe3C a t  727OC. 
curve w a s  computed from Eq. (4) (Reference 1 2 ) .  
The i n i t i a l  slope of t h e  
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i 
-- 7 
I 
1 
i 
v =  
Y 
these calculat ions.  Since the re  i s  no data  on t h e  
y / a  + y boundary as it changes with temperature it i s  
assumed t h a t  it is  constant 
r a t e  of change of t he  a c t i v i t y  coef f ic ien t  with 
with hydrogen concentration 
= 
at  450OF and 600°F McQuillan[gl and Hepworth and 
Schulmandlo] have shown t h a t  f o r  t h e  a phase, t h e  
concentration of hydrogen i s  l i n e a r l y  proportional t o  
6. 
f i c i e n t  is  independent of concentration. 
molar volume of y=12.984 cm3 at 6 0 0 ~ ~  and 12.953 cm3 at 
45OOF. 
kx. This i s  the  room temperature parameter f o r  y i n  an 
a + y mixture. I f  it i s  assumed t h a t  the  volme coef- 
f i c i e n t  of thermal expansion fo r  y i s  the  same as t h a t  
f o r  a, t he  u n i t  c e l l  volume calculated a t  45OoF and 
6 0 0 ~ ~  i s  86.065 A3 and 86.270 A3. From these uni t  c e l l  
volumes, t h e  molar volume can be calculated since there 
a re  4 molecules/unit c e l l .  
m a y  not be a va l id  assumption, it should not introduce 
a s ign i f i can t  e r r o r  i n  the  calculat ion of the molar 
volume. 
p a r t i a l  molar volume of T i  i n  a=10,270 ern3 at ~ O O O F ,  
10.690 cm3 at  45OOF. 
dimensions of a at room temperature as a = 2.943 
c = 4.6728 kx and at 576OF as a = 2.952 
Grenier and E l l i s [ l 6 ]  showed t h e  thermal expansion t o  
be l i n e a r  between 30 and 20OoC. Assuming a l i n e a r  
coeff ic ient  of expansion, t h e  l a t t i c e  parameters f o r  
a t i tanium are  a = 2.958 A and c = 4.700 A at 6 0 0 ~ ~  
and a = 2.956 A and c = 4.695 A at 45OOF. 
p a r t i a l  molar volume of H i n  a t i tanium = 0.620 cm3 
at 6 0 0 ~ ~  and 0.242 cm3 at  45OoF. 
reported t h a t  the l a t t i c e  parameters of a a re  inde- 
pendent of hydrogen content throughout t he  s o l u b i l i t y  
range. 
reported above were used t o  ca lcu la te  v ~ ~ ~ .  
From t h i s ,  it is  apparent t h a t  the a c t i v i t y  coef- 
The phase i s  f c c  with l a t t i c e  parameter 4.396 
Although t h i s  assumption 
Pearson[lS] gives the l a t t i c e  
c = 4.690. 
McQuillanClgl 
This result along w i t h  t he  values of C g  
Subst i tut ing the  above values i n  Equation ( 5 ) ,  t he  
a a log cH 
ap = 2.63 x 10'~ at 6 0 0 ~ ~  
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In  both cases,  t h e  so lub i l i t y  of hydrogen i n  alpha t i t d m  in- 
creases with pressure. 
From the  thermodynamic calculat ion,  10  Kb should increase t h e  
so lub i l i t y  of hydrogen i n  alpha from 0.06 t o  0.064 and from 0.031 t o  0.037 
atom f rac t ion  at 45OOF. 
assumed, then a pressure of approximately only one Kb can be rea l ized  i n  pure a 
titanium. The s h i f t  i n  the  so lub i l i t y  equilibrium curve would, therefore ,  be 
considerably l e s s  than these values. 
If a t r i a x i a l  s t a t e  equal. t o  the y i e l d  stress i s  
These r e s u l t s  c lear ly  ind ica te  t h a t  the la rge  gamma hydride precip- 
i ta tes  observed i n  a t i tanium, s t ressed  at  45OoF and 6 0 0 ~ ~ ~  d i d  not occur during 
the s t r e s s ing  cycle because of a s h i f t  i n  the  so lub i l i t y  equilibrium curve. 
I f  the  gamma hydride prec ip i ta tes  are not formed during t h e  stress- 
ing cycle, they m u s t ,  therefore ,  form during the  quenching cycle. 
unstressed a t i tanium showed only f ine  prec ip i ta tes  when rapidly quenched, it 
seems l o g i c a l  t o  assume t h a t  the la rge  prec ip i ta tes  form during quenching at 
defect si tes which are introduced i n t o  a-titanium during the  s t ress ing  cycle. 
Since the  
I n  t h e  deformation of unalloyed t i tanium, a number of s l i p  and 
twinning systems have been observed. 
twinning systems are act ive.  
A t  room temperature, both s l i p  and 
S l i p  occurs on the  {OOOl) <ll~O>,{lOiO} <llsO>, 
{ l o l l )  <1.120>. [17318~191 Increasing temperature tends t o  favor s l i p .  It 
has been shown tha t  by Jones, e t  al. t h a t  t he  primary s l i p  system of a- 
t i tanium i n  temperature range o f  ambient t o  800'F is  {lOiO} <10f0>. 
An X-ray examination of la rge  grain s i z e  a-titanium shown i n  
Figure 9 i den t i f i ed  t h a t  t he  primary habi t  plane f o r  gamma hydride prec ip i ta tes  
i s  { l O i O ) .  The angles between hydride p l a t e l e t s  i n  microautoradiographs shown 
previously ,[81 were 60' , indicat ing t h a t  the  prism planes are  the  habi t  planes 
f o r  gamma hydride prec ip i ta t ion .  
Since tapered rod specimens were used i n  these experiments, it w a s  
not possible t o  measure t h e  creep r a t e  during the  s t ress ing  cycle. However, it 
seems log ica l  t o  assume t h a t  the  dislocations generated during t h e  s t r e s s ing  
cycle on {lOiO) prism planes serve as nucleating si tes for  gamma hydride pre- 
c ip i t a t ion  during t h e  quenching cycle. 
23 
3.0 FUTURE WORK 
S tab i l iz ing  of alpha-beta alloys i n  the temperature region 900'F t o  
llOO°F influences the microstructure i n  several ways: (1) Decomposition of 
metastable be t a  phase ; (2)  Transformation of metastable martensi t ic  phases ; 
and, (3)  Ordering i n  alpha phase. 
mechanical or the electrochemical properties of alpha-beta d l o y s  i n  aqueous 
sal t  solutions.  Transmission electron microscopy s tudies  w i l l  be  made on 
Ti-6U-4V and Ti-8Al-lMo-lV t o  elucidate  the ef fec t  of aging on deformation 
mechanisms of alpha-beta a l loys.  
These processes m a y  be changing e i the r  t he  
Since aluminum plays such an important ro l e  i n  SCC of a-titanium, 
s tudies  w i l l  be continued t o  measure i t s  e f f ec t s  on stacking fault energy 
and dis locat ion s l i p  modes. 
c .' 
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